Abstract-An engineering function to describe the AC loss of BSCCO/Ag tape conductors is developed. For a wide range of transport currents and magnetic fields (with different orientation) the loss is described with an uncertainty of 10%. The equation is based on the analytical expressions available. BSCCO/Ag tapes used in power applications at liquid nitrogen temperature are fed with an AC transport current and exposed to an AC magnetic field. The magnetic field in a device has different orientations with respect to the position of the conductor in the device. In this contribution AC loss measurements for simultaneously applied magnetic field (with different orientation) and transport current are presented for a high quality tape conductor that is used in a transformer coil. The results are separated into a magnetic and a transport current loss component.
I. INTRODUCTION
hen a BSCCO/Ag tape is used in an electric power application like a transformer or a power cable, it is exposed to an alternating magnetic field and fed simultaneously with an alternating current. There is an analytical formula only for the case when the tape behaves according to the Critical State model with the magnetic field applied parallel to the wide face of the tape [l] . In practice the magnetic field has an arbitrary orientation with respect to the tape and the BSCCO/Ag conductors do not show the idealised behaviour of the CS model. Numerical models, taking into account the specific properties of BSCCO/Ag tapes are able to describe the AC loss. However, for engineering purposes it is useful to have an analytical formula to describe the AC loss as a function of transport current amplitude and magnetic field amplitude and orientation. In this paper an engineering formula to describe the total AC loss is presented. It is based on existing analytical models.
The parameters in the formula are determined for a high quality BSCCO/Ag conductor. Finally a data set that can describe the AC loss with a minimum of measurement effort and complexity is discussed. Magnetic field (E,) with direction a and the transport current (I,).
EXPERIMENTAL DETAILS
The total AC loss of a BSCCO/Ag tape conductor is measured with an electro-magnetic method [2] , [3] . The conductor is exposed to an external alternating magnetic field and fed with an alternating transport current simultaneously. Fig. 1 shows a schematic picture of the method. The magnetic field is applied perpendicular to the transport current under an angle a with the normal on the wide face of the tape. The magnetisation loss is measured with a pair of pick-up coils.
The transport current loss is measured with voltage taps. In order to obtain the total AC loss both components are added [4] . This method enables a separate study of the magnetisation-and transport current loss contributions to the total AC loss. All experiments described in this paper are performed in liquid nitrogen at 77 K on a multifilament
Bi-2223 tape with silver matrix. The outer dimension are 4.1 mm x 0.27 mm and the critical current is 130 A.
ENGINEERING FORMULA
The total AC loss for a tape with infinite dimensions in two directions (except the thickness) is described by Carr [ 11. The equations describe the situation for a conductor that behaves according to the critical state model when the magnetic field is parallel to the wide face of the tape conductor. A BSCCO/Ag tape conductor has an aspect ratio of about 15, which is not infinite, and a voltage-current relation that is not infinitely steep and a critical current that strongly depends on the applied magnetic field. This causes a quantitative deviation from the critical state model [2] although it works qualitatively well.
When the magnetic field is applied under an angle a < 90" the AC loss increases with decreasing angle up to an order of magnitude (a = 0"). Unfortunately this area, which dominates the AC loss, is not covered at all by analytical models. Numerical models can predict the AC loss but for engineering purposes it is essential to have an equation that describes the measured data in the form of:
(1)
where B, is the amplitude of the applied magnetic field, Z, is the amplitude of the transport current and a is the orientation of the magnetic field as defined in Fig. 1 . In the following sections the engineering formula is derived term by term.
A. Magnetisation loss
According to the critical state model the magnetisation loss (em) for a slab in parallel field is:
for B, < B ,
where Bp is the field of full penetration. In experiments often a stronger B, dependence below Bp is observed, but for larger B, a linear field dependence is observed. A possible way to describe the magnetisation loss is:
where Cl(a), Cz(a) and p are parameters that have to be determined from measured data. relation that is qualitatively the same for all orientations of the magnetic field, see Fig. (2) . None of the parameters depends on the transport current as will be explained in section C.
B. Transport current loss
The AC loss of a BSCCO/Ag conductor fed with an alternating transport current only, is described rather well with the critical state model description for elliptical or a thin rectangular conductor cross-section [ 5 ] . This is modelled as:
When an external alternating magnetic field is also applied to the conductor, the transport current experiences the so-called dynamic resistance. This cross effect of magnetic field and transport current is modelled, according to Carr [ 11 as:
The linear field and quadratic transport current dependences are valid for all angles a. Combining (4) It should be noted that both C3 and q do not depend on E, and a. Fig. 3 shows the transport current loss various amplitudes of magnetic field applied perpendicular to the wide face of the conductor (solid lines). For B, = 0 mT an almost B :
dependence is observed. But when an additional alternating magnetic field is applied, the AC loss increases drastically especially in the region far below the critical current. For the two largest field amplitudes, a quadratic transport current dependence is observed, where for B, = 8 mT an intermediate behaviour is observed. The increase of the AC loss due to the additional AC magnetic field is far more than expected on the basis of a decrease of the critical current density [6] . Also shown in Fig. 3 is the magnetisation loss (dotted lines) for different magnetic field amplitudes as a function of AC transport current. For the largest transport currents shown (about Zc), the magnetisation loss decreases due to the additional transport current. For the lowest two field amplitudes (B, = 8 mT and E, = 25 mT) the AC loss increases initially before it decreases.
C. Total AC loss
The total AC loss is obtained from:
The magnetisation loss Q, is not a function of the transport current I,. From Fig. 3 the contribution of the magnetisation loss and the transport current loss to the total AC loss can be determined. Although the magnetisation loss changes due to an additional AC transport current, the contribution to the total AC loss is almost current independent because the transport current loss becomes dominating in the region where the magnetisation loss changes most. Adding all components, (3) and (6), yields the following engineering formula for the total AC loss: The symbols represent the measured data, the lines represent the engineering formula (8).
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IV. RESULTS
The total AC loss as a function of magnetic field for various transport currents is shown in Fig. 4 and Fig. 5 for parallel (a = 90') and perpendicular (a = 0') magnetic field respectively. The symbols represent the measured data. The lines are fitted to the data with (8). The parameters C,(a) and C2(a) are determined from the magnetisation measurements shown in Fig. 2 . The exponent p is distracted from the magnetisation measurements for various orientations of the magnetic field, see Fig. 2 . A value of 3.6 describes best all curves for low magnetic field. The slope of the transport current loss without applied magnetic field, q, and the parameter C, are determined from the transport current loss measurement shown in Fig. 3 . A value of 3.6 for q describes best the whole range of currents up to I,. Finally C4(a) is determined from the total AC loss measurements as shown in Fig. 4 and Fig. 5 in a way that (8) gives the best description of the measured points. The total AC loss in parallel magnetic field (Fig. 5) is described well for the whole range of data shown in the figure (average deviation 6 %). For an applied magnetic field perpendicular to the wide face of the tape the engineering equation works also rather well but the average deviation between measurements and the engineering formula is larger (13%). The largest deviations, however, are observed when there is only applied magnetic field and no transport current running through the tape. This regime is of less importance for applications because there, both magnetic field and transport current are present. The three field orientation dependent parameters, Cl(a), C2(a) and C4(a) are also determined for angles a between perpendicular and parallel magnetic field. The result is shown in Fig. 6 . The average deviation for the whole range of fields and currents and all angles measured is 10%. The functions C,(a) and C4(a) look very similar, except for a = 90". Up to a = 60" a cosine function describes the curves rather well, above a = 60" the relations found differ from the cosine function. A qualitatively similar behaviour is observed for the angle dependency of the magnetisation loss [7] , transport current loss [8] and total AC loss [9] . The angle dependency of the parameters C,(a), C2(a) and C4(a) as shown in Fig. 6 should be treated with caution. The best fit of (8) to the data does not give by definition physically relevant relations for the parameters as a function of the field orientation. E.g. the shape of the relation for C l ( a ) can be influenced by several reasons. The description of the magnetisation loss around and below the penetration field is not accurate because the measured magnetisation loss shows curvature (See Fig. 2 ) for low magnetic field that is not described with (2) and (3). Equation (3) is also not a perfect description of (2).
v. MINIMISING THE MEASUREMENT EFFORT
In order to minimise the measurement effort to construct the engineering formula, conclusions can be drawn from the preceding sections. A magnetisation measurement as a function of field orientation is necessary because there is no expression to describe the loss for arbitrary angle from the two limiting (perpendicular and parallel) cases. However, a magnetisation loss experiment with additional AC transport current is not necessary because the magnetisation loss is hardly influenced by the transport current in the regions where it's contribution to the total loss is relevant. A transport current loss experiment with AC transport current and additional AC magnetic field remains necessary in order to determine the cross effect of field and current on the transport current loss. Also the effect of orientation of the magnetic field has to be investigated experimentally. A possible simplification for this relatively complicated experiment with two AC sources is a dynamic resistance measurement with DC transport current and AC magnetic field [6] . In that case only a, much less complicated, transport current experiment with AC transport current is required to determine the parameters C3 and q.
VI. CONCLUSIONS
An engineering formula to describe the total AC loss of a BSCCO/Ag tape conductor at 77 K is developed. This equation describes the AC loss as a function of applied AC magnetic field with arbitrary direction to the conductor and AC transport current. The average deviation between the measured data and the engineering formula is 10%. Three parameters, of which one is independent of the orientation of the magnetic field, can be determined from a standard magnetisation loss measurement. Two parameters are deduced from a standard self-field loss measurement. Only one parameter has to be extracted from an experiment with both AC magnetic field and transport current present. The engineering formula describes the data over the whole range measured (B, = 3.. .80 mT, It = 0.. .Zc, a = 0°..900).
